INTRODUCTION
Ribosomal RNA (rRNA) genes encode for the structural nucleic acid scaffold of the ribosome and are essential for life. To satisfy the demand for ribosomes, cells have evolved mechanisms to ensure robust production of rRNAs. In eukaryotes, the specialized RNA polymerase I (Pol I) transcription machinery is dedicated to this process. In proliferating yeast cells, more than 60% of total transcription is due to Pol I activity (Warner, 1999) , whose only essential function is the synthesis of a large precursor comprising three out of four rRNAs (Nogi et al., 1991) . Efficient template usage by Pol I is supported by gene multiplication, resulting in large tandem arrays of rRNA genes that may be scattered throughout the genome depending on the respective organism (Raska et al., 2004) . However, only a fraction of the rRNA gene population is transcriptionally active even in exponentially growing cells. The underlying molecular mechanism is not well understood.
In good correlation with their transcriptional activity, rRNA genes adopt two discrete chromatin states. Besides initial evidence by electron microscopy and biochemical fractionation (Miller and Beatty, 1969; Davis et al., 1983) , the first clear demonstration of two different forms of rDNA chromatin in vivo involved photo-crosslinking with psoralen (Conconi et al., 1989) . In these experiments, the two rDNA chromatin states are distinguished due to their different accessibility to the DNA intercalating drug psoralen. Additional analyses supported a model in which psoralen-accessible (open) rRNA genes are actively transcribed and nucleosome free, whereas psoralen-inaccessible (closed) rRNA genes are nontranscribed and nucleosomal (Dammann et al., 1993; Stancheva et al., 1997) . Importantly, both forms coexist throughout the cell cycle (Conconi et al., 1989) . Since then, the absence or presence of nucleosomes on transcribed rRNA genes has been a matter of debate (reviewed in Birch and Zomerdijk, 2008; McStay and Grummt, 2008; Né meth and Lä ngst, 2008) . A recent study in yeast demonstrated that the HMG box protein Hmo1 is part of a special chromatin state characteristic of transcribed rRNA genes, which is largely devoid of histone molecules (Merz et al., 2008) .
Until recently, it has been unclear why eukaryotic cells maintain a fraction of their rRNA genes in the transcriptionally inactive, closed chromatin state. An analysis by Kobayashi and coworkers revealed that yeast strains carrying a reduced copy number of rRNA genes that are all actively transcribed become sensitive to DNA damage induced by mutagens (Ide et al., 2010) . Thus, the fraction of nontranscribed rRNA genes appears to be important for the integrity of the ribosomal DNA locus (rDNA).
Maintenance of the two different chromatin states by inheritance of covalent histone modifications or DNA methylation pattern in metazoan cells has been suggested (reviewed in McStay and Grummt, 2008) . In yeast, however, individual rRNA genes may change their transcriptional state stochastically such that, each new generation, the set of rRNA genes may be different from the set that was active the previous generation (Dammann et al., 1995) . Accordingly, in experiments showing that the passage of the replication fork leads to nucleosome assembly at rRNA genes on both daughter strands, no strict correlation between the chromatin state of individual rRNA genes before and after replication could be observed . More recent data based on transcript counting in single yeast cells and mathematical modeling indicated that the set of transcriptionally active rRNA genes changes independent of replication (Tan and van Oudenaarden, 2010) . Nonetheless, the average ratio between the two chromatin states at yeast rRNA genes is faithfully transmitted to daughter cells during growth in exponential phase.
Here, we investigated chromatin dynamics at yeast rRNA genes during the cell cycle and upon cell-cycle arrest. We found that replication is required to convert rRNA genes into the closed chromatin state. Thus, almost the entirety of rRNA genes adopts the open chromatin state when replication is prevented. This conversion to the open rRNA gene chromatin state is impaired in the absence of Pol I transcription. Although Pol I transcription is required to establish the open rRNA gene chromatin state, it is not needed for its maintenance outside of S phase. Instead, we identified the HMG box protein Hmo1 as a factor stabilizing open rRNA gene chromatin in the absence of Pol I transcription, presumably interfering with replication-independent nucleosome assembly.
RESULTS
In S. cerevisiae (hereafter called yeast), the rDNA locus consists of around 150 tandemly repeated transcription units on the right arm of chromosome XII ( Figure 1A ). Each of these rDNA units comprises the RNA polymerase III transcribed 5S rRNA gene, the intergenic spacer region (IGS), and the 35S rRNA gene transcribed by Pol I, yielding the precursor of the mature 18S, 5.8S and 25S rRNAs.
The Ratio of Open and Closed 35S rRNA Gene Chromatin States Varies during the Cell Cycle We performed psoralen crosslinking analyses with yeast cells before, during, and after release from G1 arrest (see histograms in Figure 1B for flow cytometric analysis). After psoralen treatment, isolated DNA fragments originating from open or closed 35S rRNA genes migrate with different mobility in native agarose gel electrophoresis (Conconi et al., 1989; Dammann et al., 1993) . Southern blot analysis revealed that the open/closed ratio of two different EcoRI fragments spanning the region coding for 18S rRNA and for 25S rRNA, respectively, varied during the cell cycle (Figure 1C, top; see Figures 1D and 1E for quantitation) . In contrast, psoralen accessibility of an EcoRI rDNA fragment containing the IGS, migrating as one single band in the gel in all samples taken in course of the experiment, did not change ( Figure 1C, bottom) . The fraction of open 35S rRNA genes decreased whenever cells entered S phase ( Figure 1C , top, lanes 6-8 and 12-14; see Figure 1E for quantitation). This is consistent with earlier reports indicating that all newly replicated 35S rRNA genes are assembled into an array of nucleosomes and become psoralen inaccessible . A constant increase in the open/closed ratio of 35S rRNA genes was observed at all stages of the cell cycle following DNA replication or during the cell-cycle arrest ( Figure 1C , top, lanes 2-4 and 9-11; see Figure 1E for quantitation).
To test replication-dependent nucleosome assembly by another approach, we performed chromatin immunoprecipitation (ChIP) experiments with extracts from cells expressing histone H4 as a fusion protein with C-terminal HA-epitope from its endogenous chromosomal location (Figure S1A available online). We also included the corresponding wild-type strain as an untagged control ( Figure S1B ). We observed a slight but reproducible increase in the coprecipitation of various DNA fragments encompassing regions of the 35S rRNA-coding sequence with the tagged histone during S phase, whereas three different reference loci inside and outside of the rDNA did not show this tendency ( Figure S1A ). The increased coprecipitation of 35S rRNA gene DNA fragments with histone H4 during S phase (by a factor of 1.3 in average) was in good correlation with the increase in the fraction of closed 35S rRNA genes observed in the psoralen crosslinking analysis in this condition (by a factor of 1.28 in average).
We observed similar alterations of 35S rRNA gene chromatin structure in cells after release from late anaphase arrest or G2/M arrest ( Figures S1C and S1D ). Moreover, a strain carrying a reduced rDNA repeat copy number with most of the 35S rRNA genes in the open chromatin state and actively transcribed also showed a substantial fraction of closed 35S rRNA genes during S phase ( Figure S1E ). These results indicate that DNA replication is required to establish the closed chromatin state at 35S rRNA genes in proliferating yeast cells. 
Opening of 35S rRNA Genes Leads to the Depletion of Histones and to the Recruitment of Hmo1
The psoralen-accessible state of 35S rRNA genes has been linked to Pol I transcription, the presence of the HMG box protein Hmo1, and the absence of histone molecules (Merz et al., 2008) . To define the rDNA chromatin states on a molecular level before and at different times during G1 arrest, we analyzed the protein composition at open and closed rRNA genes. We used a combination of chromatin endogenous cleavage (ChEC) and psoralen crosslinking (Merz et al., 2008) . We created yeast strains expressing either histone proteins H2A or H3, Pol I subunits A190 or A43, or Hmo1 in fusion with micrococcal nucleaseS-phase , and 5S, rRNA-coding regions; IGS, intergenic spacer region; E, EcoRI restriction sites; rDNp, 3.5kb rDNA, probes for Southern blot analyses; arrows indicate transcription start sites. (B-E) Yeast strain y1757 was arrested in G1 by treatment with a factor and then released. Samples were taken from the exponentially growing asynchronous culture (asyn.) at the indicated times of G1 arrest (a) and at 10 min intervals after release. Cell aliquots were either fixed with ethanol for flow cytometry or formaldehyde for psoralen crosslinking analysis. Figure 1D and used to calculate the percentage of open rRNA genes. See also Figure S1 . 4 hr of G1 arrest. After nuclei preparation, calcium was added to induce cleavage by the MNase fusion proteins in the proximity of their respective DNA-binding sites. The samples were treated with psoralen, and the DNA was isolated and analyzed in a Southern blot. If a MNase fusion protein is a specific component of open or closed 35S rRNA genes in the cell, the corresponding psoralen crosslinked DNA-fragment will be selectively degraded as a consequence of ChEC (Merz et al., 2008) .
We confirmed that open 35S rRNA genes were virtually free of histone molecules and thus resistant to MNase cleavage before and at all time points of the arrest, whereas closed 35S rRNA genes were nucleosomal and thus fully degraded by histoneMNase fusion proteins ( Figure 3A Alternatively, only a subpopulation of rRNA genes could be actively transcribed under these conditions. Importantly, the reduced Pol I association with the rRNA genes does not affect the maintenance of the open chromatin state. Different from Pol I-MNase fusion proteins, Hmo1-MNase-mediated degradation of open 35S rRNA genes followed the same kinetics in nuclei from asynchronously growing cells and cells after 2 hr and 4 hr arrest in G1 ( Figure 3E ). These analyses corroborate our previous observation that Hmo1 is a component of the open 35S rRNA gene chromatin state being largely depleted of histone molecules (Merz et al., 2008) . It further points to the possibility that reduced Pol I association with rRNA genes does not affect the stability of the open chromatin state.
These results were verified in an independent experiment. We performed ChIP with extracts from cells expressing the histone H3, the Pol I subunit A190, or Hmo1 as fusion proteins with a C-terminal HA-epitope from their endogenous chromosomal location. We also included the corresponding wild-type strain as an untagged control. We analyzed coprecipitation of DNA fragments from the Pol I promoter ( Figure (Moll et al., 1991) at the G1/S transition after growth at 24 C and temperature shift to 37 C.
(C) Cell-cycle arrest of yeast strain y1925 expressing a temperature-sensitive cdc15-2 allele (Schwab et al., 1997) in late anaphase after growth at 24 C and temperature shift to 37 C. Samples were taken from the exponentially growing asynchronous culture (asyn.) or at the indicated times of cell-cycle arrest. Samples were analyzed by psoralen crosslinking and flow cytometry, as described in the legend to Figure 1 .
sequence ( Figure 4A , 18S, 25S_1, 25S_2), the 5S rRNA gene ( Figure 4A , 5S), and two unrelated genomic loci within an intergenic region close to the 3 0 end of the NUP57 gene and within the open reading frame of the NOC1 gene. None of these DNA fragments was significantly enriched when ChIP experiments were performed in the untagged strain ( Figure 4B , graph ''untagged'').
In good correlation with the increase in the number of open rRNA genes and the result of the above ChEC experiments ( Figures 3A and 3B ), we observed a decrease in coprecipitation of 35S rRNA gene fragments with the tagged histone molecule in course of the G1 arrest ( Figure 4B, graph H3) . Notably, DNA fragments including the 5S rRNA gene or the NOC1-coding sequence were also less efficiently enriched during prolonged (A-E) Yeast strains y2116, y1995, y1704, y1717, or y1761 expressing histones H2A and H3 and the Pol I subunits A43, A190, or Hmo1 as MNase fusion protein, respectively, were arrested in G1 by treatment with a factor. Samples were taken from the exponentially growing asynchronous culture (asyn.) or at the indicated times of G1 arrest and were treated with formaldehyde. Crude nuclei were subjected to ChEC for the times indicated above each lane. After ChEC, nuclei were treated with psoralen and DNA was analyzed in a Southern blot as described in the legend to Figure 1C . Profile analysis of individual Southern blot lanes was performed as described in the legend to Figure 1D , with one exception: the peak value of fragments derived from open rRNA genes was used for normalization when histone-MNase-expressing strains were analyzed, whereas the peak value of fragments derived from closed rRNA genes was used for normalization when Pol I-or Hmo1-MNase-expressing strains were analyzed.
G1 arrest, although the observed decrease in coprecipitation with the tagged histone molecule was substantially smaller than the decrease in coprecipitation of 35S rRNA gene fragments. Interestingly, the 5S rRNA gene and NOC1 fragments include genomic regions, which are potentially transcribed under these experimental conditions. Coprecipitation of the intergenic fragment close to the 3 0 end of NUP57 with the tagged histone H3 instead got slightly more efficient in course of the arrest. Again, in good correlation with the increase in the number of open rRNA genes and the results of the ChEC analyses, we found a strong increase in the coprecipitation of 35S rRNA gene fragments with the tagged Hmo1 molecule in the course of the G1 arrest ( Figure 4B , graph Hmo1). A slight increase in coprecipitation of the DNA fragment including the 5S rRNA gene was also observed, correlating with the slightly decreased coprecipitation of this fragment with the tagged histone H3 ( Figure 4B Yeast strains y1995, y1761, or y1717 expressing histone H3, Hmo1, or the Pol I subunit A190 as fusion protein with a triple HA-tag, respectively, were arrested in G1 by treatment with a factor. The corresponding wild-type yeast strain y1757 was treated identically as an untagged control. Samples were taken from the exponentially growing asynchronous culture (asyn.) or at the indicated times of G1 arrest and were treated with formaldehyde. ChIP experiments were performed as described (Goetze et al., 2010) . In contrast to results obtained with tagged Hmo1, coprecipitation of 35S rRNA gene fragments with the tagged Pol I subunit A190 rather decreased in the course of the G1 arrest ( Figure 4B , graph A190), although the number of open 35S rRNA genes increased in these conditions (Figure 2A ). This is consistent with the results of the ChEC experiments with Pol I-MNase fusion proteins during prolonged G1 arrest (Figures 3C and 3D) . Thus, an increase in the number of open 35S rRNA genes does not necessarily involve an increased association of Pol I with these genomic loci.
Taken together, opening of rRNA genes in the absence of replication correlates with the depletion of histones ( Figures 3A  and 3B and Figure 4B ) and with the recruitment of Hmo1 (Figure 3E and Figure 4B ). Nevertheless, a high Pol I occupancy does not seem to be required to maintain the open chromatin state ( Figures 3C and 3D and Figure 4B ).
RNA Polymerase I Transcription Is Required to Establish Open 35S rRNA Gene Chromatin
We next investigated the contribution of Pol I transcription to the establishment of open rRNA gene chromatin. We performed psoralen crosslinking in a strain carrying a temperature-sensitive mutation in the RRN3 gene (rrn3-ts), encoding a factor that is essential for Pol I transcription initiation (Yamamoto et al., 1996) . In this strain, the ratio between open and closed 35S rRNA genes remained constant when the cells were cultured in the exponential phase at the permissive temperature ( Figure 5A , lanes 1-6). Instead, we observed conversion from the open to the closed 35S rRNA gene chromatin state when the rrn3-ts mutant was cultured at the restrictive temperature for more than 1 hr ( Figure 5A, lanes 7-12) . Accordingly, we observed a slight increase in the coprecipitation of DNA fragments spanning regions of the 35S rRNA gene with tagged histone molecules in ChIP experiments after shutdown of Pol I transcription ( Figure S2A ). However, we noticed that there was still a detectable fraction of open 35S rRNA genes even 5 hr after the inactivation of Pol I transcription ( Figure 5A , see profile analysis on the right). Along these lines, we still found Hmo1 bound to rRNA genes, although its association with these loci is substantially reduced in these conditions (data not shown). This suggests that not all of the 35S rRNA genes have undergone replication-dependent nucleosome assembly after complete shutdown of Pol I transcription. In support of this notion, cell division ceased 2 hr after temperature shift of the rrn3-ts mutant ( Figure S2B ). We conclude that Pol I transcription is important for maintenance of the ratio between open and closed 35S rRNA genes in proliferating cells, presumably because it is required for re-establishment of the open chromatin state after replication.
To test more directly the involvement of Pol I transcription in the opening of 35S rRNA gene chromatin, we performed a similar analysis in the absence of replication. The rrn3-ts strain was arrested in G1 and simultaneously shifted to the restrictive temperature or kept at the permissive temperature as a control. G1 arrest of the strain grown at the restrictive and at the permissive temperatures was monitored by flow cytometry (Figure 5B , histograms). Whereas most of the 35S rRNA gene population opened during the arrest under permissive conditions ( Figure 5B , lanes 1-6, see profile analysis for quantitation), the ratio of open and closed 35S rRNA genes first increased and then remained constant 2 hr after shutdown of Pol I transcription initiation (Figure 5B , lanes 7-12, see profile analysis for quantitation). To exclude that the temperature shift interfered with opening of rRNA genes, a corresponding RRN3 wild-type strain was treated identically. In this strain, almost the entire 35S rRNA gene population became psoralen accessible after 5 hr of G1 arrest at 37 C ( Figure 5B, lanes 13-18, see profile analysis for quantitation) . Altogether, these data indicate that Pol I transcription is required to convert 35S rRNA genes from the closed to the open chromatin state. Interestingly, open 35S rRNA genes can be stably maintained when both rDNA transcription and replication (entry into S phase) are blocked ( Figure 5B , lanes 7-12, see profile analysis for quantitation).
Hmo1 Is a Component of Open 35S rRNA Gene Chromatin in the Absence of RNA Pol I Transcription and Replication
To further explore the molecular basis of maintenance of the open rRNA gene chromatin in the absence of Pol I transcription and replication, we performed ChEC in combination with psoralen crosslinking using rrn3-ts strains expressing A190-or Hmo1-MNase fusion proteins. Degradation of open rRNA genes by A190-MNase was negligible after 1 hr of temperature shift and G1 arrest and undetectable after 5 hr ( Figure 5C , lanes 9-12 and 17-20, see graphs for quantitation). In contrast, Hmo1-MNase efficiently degraded open rRNA gene chromatin, even after 5 hr of temperature shift and G1 arrest ( Figure 5C , lanes 21-24, see profile analysis for quantitation). We also monitored cleavage events mediated by either Pol I-or Hmo1-MNase fusion proteins within the 35S rRNA gene-coding sequence before and after temperature shift and concomitant G1 arrest. To this end, we performed ChEC experiments without subsequent psoralen treatment and analyzed the purified DNA by Southern blot and indirect end labeling. Consistent with the interpretation of the ChEC-psoralen experiments, Pol I-MNase cleavage events within the 35S rRNA-coding sequence were only barely detectable 1 hr after G1 arrest at the restrictive temperature and were absent after 5 hr ( Figure 5D , lanes 6-10 and 11-15). Robust Hmo1-MNase-mediated cleavage, instead, was observed even 5 hr after G1 arrest at 37 C ( Figure 5D , lanes 26-30). We noticed that the fraction of open 35S rRNA genes decreased with prolonged G1 arrest at 37 C in the Hmo1-MNase expressing strain, whereas this fraction remained constant in the Pol I-MNase-expressing strain ( Figure 5C , compare lanes 13 with 21 and 9 with 17, see profile analysis for quantitation). One possible explanation could be that Hmo1 is needed to stabilize the open 35S rRNA gene chromatin in the absence of Pol I transcription and that the Hmo1-MNase fusion protein is partly impaired in this function.
Hmo1 Prevents Replication-Independent Nucleosome
Assembly at Open 35S rRNA Genes To test the above hypothesis, we first investigated the fate of open 35S rRNA gene chromatin during G1 arrest when HMO1 is deleted. First, HMO1 wild-type and hmo1D deletion strains were arrested in G1 for different times (see Figure 6A for an Yeast strain y2022 expressing a temperature-sensitive allele of the Pol I initiation factor Rrn3 (rrn3-ts) was cultured at 24 C to exponential phase and either further grown at the permissive temperature (24 C) or shifted to the restrictive temperature (37 C). Samples were taken from the exponentially growing culture in permissive conditions (0 hr) or at the indicated times of incubation at the respective temperature. Samples were analyzed by psoralen crosslinking and flow cytometry, as described in the legend to Figure 1. (B) Inhibition of Pol I transcription prevents opening of rRNA genes during G1 arrest. Yeast strains y2022 or y1757 expressing the rrn3-ts allele or wild-type RRN3, respectively, were cultured at 24 C to exponential phase, arrested in G1 by treatment with a factor, and either further grown at 24 C or shifted to 37 C. Samples were taken from the exponentially growing asynchronous culture (asyn.) or at the indicated times of G1 arrest at the respective temperature. Samples were analyzed by psoralen crosslinking and flow cytometry, as described in the legend to Figure 1 . (C and D) Hmo1 is a component of open rRNA gene chromatin in the absence of Pol I. Yeast strains y2123 or y2119, both expressing a temperature-sensitive allele (rrn3-ts), and the Pol I subunits A190 or Hmo1 as MNase fusion protein, respectively, were cultured at 24 C to exponential phase. Cells were simultaneously arrested in G1 by treatment with a factor and shifted to the restrictive temperature (37 C). Samples were taken from the asynchronous culture (asyn.) or at the indicated times of G1 arrest and were treated with formaldehyde. Crude nuclei were subjected to ChEC for the times indicated above each lane. (C) After ChEC, nuclei were treated with psoralen, and isolated DNA was analyzed in a Southern blot as described in the legend to outline of the experiment). As expected (see above Figure 5B , lanes 13-18), we observed an almost complete opening of 35S rRNA gene chromatin in the HMO1 wild-type strain ( Figure 6B , lanes 1-6, see profile analysis for quantitation). However, opening of 35S rRNA genes was compromised in the hmo1D strain ( Figure 6B , lanes 7-12, see profile analysis for quantitation) perhaps due to the prolonged generation time observed in this deletion background (Lu et al., 1996; Gadal et al., 2002; data not shown To further test this possibility, we analyzed the stability of open 35S rRNA gene chromatin after shutdown of transcription in rrn3-ts strains being either deleted in HMO1 or carrying a wildtype copy of the gene. Cells were arrested in G1 for 1.5 hr prior to shifting the cultures to the restrictive temperature. In both strains, 35S rRNA genes opened upon G1 arrest at the permissive temperature ( Figure 6C , compare lanes 1 with 2 and 7 with 8). As observed before (see above Figure 5B , lanes 7-12), inactivation of Pol I transcription led to a constant ratio of open and closed 35S rRNA genes after 2 hr of temperature shift in the HMO1, rrn3-ts strain ( Figure 6C , lanes 3-6, see profile analysis for quantitation). In contrast, we observed conversion from the open to the closed 35S rRNA gene chromatin state in the hmo1D, rrn3-ts strain under these conditions ( Figure 6C , lanes 9-12, see profile analysis for quantitation). This argues that the presence of Hmo1 stabilizes the open 35S rRNA gene chromatin state in the absence of Pol I transcription, likely interfering with replication-independent nucleosome assembly.
DISCUSSION
We conclude that the interplay between Pol I transcription and replication can explain the balance between open and closed chromatin states at the multicopy 35S rRNA genes in growing yeast cells. The results do not support a model of stable, inheritable 35S rRNA gene chromatin but rather point toward a dynamic equilibrium of chromatin states.
Lucchini and Sogo reported that 35S rRNA genes are assembled into nucleosomes shortly after passage of the replication fork (Lucchini et al., 2001; Lucchini and Sogo, 1995) . They also found that (re)activation (opening) of genes may occur at an early step after replication . Our data are fully consistent with these findings, demonstrating that the psoralen-accessible fraction of 35S rRNA genes decreases in the course of replication and increases immediately after completion of S phase (Figure 1 ). In the present study, replication is shown to be required to convert 35S rRNA genes into the closed chromatin state in proliferating cells. Accordingly, cellcycle arrest converts almost the entire 35S rRNA gene population into the open chromatin state (Figure 2 ). However, further experiments are needed to investigate whether passage of the replication machinery alone or another S phase-specific event is responsible for this conversion. In yeast cells in which most of the 35S rRNA genes are actively transcribed, replication of chromosome XII, harboring the rDNA locus, is impaired in the presence of DNA-damaging agents (Ide et al., 2010) . Thus, the replication-dependent re-establishment of the closed 35S rRNA gene chromatin structure seems to be required to ensure genome stability in yeast in certain conditions.
A recent study suggested that 35S rRNA genes switch their transcriptional state multiple times in the course of the cell cycle (Tan and van Oudenaarden, 2010) . The latter conclusion is based on counting of transcripts from a chromosomally integrated Pol I (B and C) Yeast strains expressing either wild-type RRN3 (B) or the rrn3-ts allele (C) and being either wild-type in HMO1 or carrying a complete deletion of the gene (hmo1D) were cultured at 30 C to exponential phase and arrested in G1 with a factor for 1.5 hr. G1 arrest was continued at 37 C (restrictive temperature for rrn3-ts) for another 4 hr. Samples were taken from the asynchronous culture (asyn.) or at the indicated times of G1 arrest and were treated with formaldehyde. Samples were analyzed by psoralen crosslinking, as described in the legend to Figure 1 3D ) or even in the complete absence of Pol I transcription ( Figure 5B ). It is still an open question how only a fraction of rRNA genes is chosen for activation after passage of the replication fork. One likely explanation would be that the cellular amount of a transcription factor limits the number of active rRNA genes. Because a minimal set of factors required for promoter-dependent Pol I transcription initiation has been identified in yeast (Keener et al., 1998) , it would be feasible to test this assumption.
We found that inhibiting Pol I transcription initiation leads to a decrease in the number of open 35S rRNA genes, provided that replication is ongoing ( Figure 5A ). Despite being required for establishment of the open 35S rRNA gene chromatin structure, Pol I transcription is dispensable for its maintenance in the absence of replication ( Figure 5B and Figure 6C ). In this situation, the presence of the HMG box protein Hmo1 stabilizes the nucleosome-free state at 35S rRNA genes, preventing replication-independent nucleosome assembly ( Figure 6 ). Consistently, Hmo1 and histone association with genomic loci seem to be mutually exclusive in yeast (Merz et al., 2008; Bermejo et al., 2009) (Figures 4A, 4B , and 4E and Figure 5B ).
Electron microscopy suggested nucleosome-depleted rRNA genes in many organisms (reviewed in Raska et al., 2004 Raska et al., , 2006 . Interestingly, the HMG box protein UBF, a potential functional homolog of Hmo1 in higher eukaryotes (Gadal et al., 2002) , spreads over the entire rRNA-coding region (O'Sullivan et al., 2002) . Furthermore, UBF associates with presumably nucleosome-free, noncondensed rDNA loops surrounding secondary constrictions of metaphase chromosomes (Gé brane-Younè s et al., 1997). Although a coexistence of UBF-DNA complexes and histone molecules at mouse rRNA genes cannot be excluded at the moment (Sanij et al., 2008) , a study in a human cell line demonstrated a striking anticorrelation between the interaction of histones and the interaction of UBF with rRNA genes (Gagnon- Kugler et al., 2009 ). In addition, UBF interaction with rRNA genes is reduced in S phase (Brown and Szyf, 2008) , correlating with passage of the replication fork and nucleosome deposition. This would be expected if UBF-as Hmo1-is binding preferentially to nucleosome-free rDNA. Furthermore, in the course of granulocyte differentiation, UBF protein levels decrease and its association with rRNA genes is strongly reduced, concomitant with the conversion of these loci into the closed chromatin state (Sanij et al., 2008) . This resembles the situation in the hmo1D deletion strain inhibited in Pol I transcription upon cell-cycle arrest, wherein rRNA genes adopt the closed chromatin state ( Figure 6C ). Thus, Hmo1 and UBF may help to maintain a nucleosome-depleted chromatin template outside of S phase in yeast and higher eukaryotes, respectively. This could allow rapid resumption of rRNA gene transcription after downregulation by reduced Pol I loading (Fahy et al., 2005; Claypool et al., 2004; French et al., 2003; Philippi et al., 2010) or Pol I elongation (Stefanovsky et al., 2006) in response to extracellular stimuli without the necessity to overcome the nucleosomal barrier. Figure 7 depicts a model for the establishment and maintenance of 35S rRNA gene chromatin states derived from this work. In the future, it will be interesting to obtain a more detailed view of the individual processes participating in the dynamic equilibrium of the chromatin states. This and earlier studies show that Pol I transcription is required to recruit Hmo1 to rRNA genes (Kasahara et al., 2007; Goetze et al., 2010) , but it is still unclear how this occurs. Hmo1 interacts genetically with Pol I (Gadal et al., 2002) , but it is unknown whether the enzyme alone can recruit the HMG box protein to its target sites. Besides binding to 35S rRNA genes, Hmo1 associates with various genomic loci that are also bound by topoisomerase 2 (Bermejo et al., 2009 ); among them are many promoter regions of (highly transcribed) ribosomal protein genes. This could indicate that Hmo1 recognizes specific topological features that are characteristic for DNA regions with high transcriptional activity. It has been shown that recombinant Hmo1 binds tightly to DNA minicircles that may have topological features resembling DNA structures occurring during recombination or during transcription initiation (Kamau et al., 2004) . In the light of nuclear topoisomerase activities and the moderate dissociation constant of Hmo1-DNA complexes (Kamau et al., 2004) , it is, however, a question how this interaction can be stably maintained in vivo. Additionally, the identification of activities that are responsible for replication-independent nucleosome assembly at rRNA genes in the absence of Hmo1 will be helpful to better understand its function in stabilizing the open rRNA gene chromatin structure. Along these lines, it will be important to test the involvement of histone chaperones in both Pol I transcriptiondependent nucleosome eviction and replication-dependent nucleosome deposition at rRNA genes. One candidate factor is the facilitating chromatin transcription (FACT) complex, which has been shown to play a role in Pol I transcription in higher eukaryotes (Birch et al., 2009 ). We are confident that the powerful combination of genetics and biochemistry in yeast will allow addressing these questions in the future.
EXPERIMENTAL PROCEDURES Plasmids and Yeast Strains
Details on strain establishment and plasmid construction, as well as a complete list of yeast strains and oligonucleotides used in this study, are available as Extended Experimental Procedures, Table S1 , and Table S2 .
Yeast Cultures, Formaldehyde Fixation, and Isolation of Nuclei
In all experiments, yeast cells were cultured in yeast extract-peptone-adeninedextrose (YPAD) to exponential phase. Growth temperature was 30 C, except for experiments involving yeast strains carrying the temperature-sensitive alleles of rrn3-ts, cdc15-2, or cdc7-1. In these cases, cells were cultured at 24 C or 30 C (permissive condition) before temperature shift to 37 C (restrictive condition). Formaldehyde fixation and isolation of crude nuclei were performed as described (Merz et al., 2008) .
Cell-Cycle Analysis
For G1 arrest, bar1D strains were cultured in the presence of 50 ng/ml a factor for up to 5 hr. For block and release experiments, cells were arrested for 2 hr in G1 and released by two wash steps and transfer into fresh medium. For late anaphase arrest, cdc15-2 mutant cells were cultured at 37 C for up to 5 hr.
For block and release experiments, cells were arrested for 3 hr in late anaphase before temperature was reduced to 24 C. For arrest at the G1/S transition, a cdc7-1 mutant strain was incubated at 37 C up to 3 hr. For G2/M arrest, a wild-type strain was cultured in the presence of 10 mg/ml nocodazole for 1.5 hr. Cells were released from the block by two wash steps and transfer into fresh medium.
Flow Cytometry
Flow cytometric analysis was performed as described (Geil et al., 2008) .
ChEC and Psoralen Photocrosslinking Analyses
ChEC and psoralen photocrosslinking analyses were carried out as described (Merz et al., 2008) except that psoralen crosslinking was performed four times for 5 min.
Blot Analysis and Quantitation
Blot analysis and quantitation were performed as described (Merz et al., 2008) . Table S3 contains a complete list with hybridization probes used in this study.
Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) experiments were carried out as described (Goetze et al., 2010) .
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, two figures, and three tables and can be found with this article online at doi:10. 1016/j.cell.2011.03.051.
